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Abstract 

Several authors have recently argued that a satisfactory inflationary scenario can be im- 
plemented in the Standard Model (SM) by introducing a strong non-minimal coupling of the 
Higgs doublet to gravity. It is shown here that type I seesaw physics containing right handed 
neutrinos at intermediate scales can have a significant impact on the inflationary predictions 
of these models. For one such model, values of the scalar spectral index lower than the tree 
level prediction of 0.968 are realized for plausible values of the seesaw parameters and a SM 
Higgs boson mass close to 130 GeV. A precise measurement of n s by PLANCK, as well as 
measurement of the Higgs boson mass by LHC should provide stringent tests of this SM based 
inflationary scenario supplemented by type I seesaw physics. 
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Introduction 



The idea that primordial inflation pQ can be realized within the SM framework has been around 
for a while [2] and has attracted a fair amount of recent attention [31 HI [5]. In the simplest 
setup a non-minimal gravitational coupling £ WHIZ is added to the SM Lagrangian, where 
H denotes the Higgs doublet, 1Z is the Ricci scalar, and £ is a dimensionless coupling whose 
value will be fixed by inflation. While gravity is treated classically, radiative corrections of 
the inflationary potential involving the SM couplings turn out to play an essential role in the 
analysis. Unfortunately, there remains some uncertainty regarding precisely how these quantum 
corrections should be taken into account in the presence of the non-minimal gravitational 
coupling. Even though the inflationary predictions presented in [31 HIE] f° r some key inflationary 
parameters such as the scalar spectral index n s disagree to some extent, there is consensus that 
the parameter £ must be of order 10 3 -10 4 in order to realize inflation with the amplitude of 
primordial density fluctuations determined by WMAP |6J. The Higgs quartic as well as the 
top Yukawa coupling play an important role in these analyses. For definiteness, in this paper 
we closely follow the analysis presented in Ref. [5]. Thus, many technical details which can be 
found in [5] will not be repeated here. 

In this letter we would like to argue that type I seesaw physics [7] containing right handed 
neutrinos with masses below the energy scale of inflation can have important implications for 
the inflationary predictions of this class of models. One of the simplest explanations of light 
neutrino masses required by the observed solar and atmospheric neutrino experiments [8] is 
provided by seesaw physics. For simplicity, we will restrict our attention here to type I seesaw, 
although similar considerations will apply to type II [9] and type III [TO] seesaw physics. Indeed, 
independent of inflation, it has been shown not so long ago [HI [12] that the vacuum stability 
and non-perturbativity bounds on the SM Higgs mass can be modified by seesaw physics of all 
three types. 

With the SM supplemented by type I seesaw new parameters arise, associated with the 
neutrino Dirac Yukawa couplings and intermediate scale Majorana masses of two or three right 
handed neutrinos. For simplicity, we first consider a simplified model with just one right handed 
neutrino and a single dominant Dirac Yukawa coupling. This setup captures the essential 
physics responsible for altering the inflationary predictions obtained in the absence of seesaw. 
By inspecting the renormalization group equations (RGEs), it is straightforward to observe 
that the impact on running inflation due to a neutrino Dirac Yukawa coupling or an increased 
top quark coupling are qualitatively the same. Indeed, with a sufficiently heavy top quark the 
inflationary prediction for n s can be dramatically altered. We find that for fairly modest values 
of the neutrino Dirac coupling the impact on the inflationary prediction of n s can be equally 
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dramatic. The predictions of the scalar to tensor ratio r and the running of the spectral index 
are not significantly altered. Finally, we consider two more realistic examples containing three 
right handed neutrinos and obtain similar results also in these cases. 



Running Standard Model Inflation 

Following [31 HI [5], consider the following action in the Jordan frame: 

Sj = J d 4 x^ \3H\ 2 + A (h^H - - \ m2 p n - ZH^HK 

where A is the Higgs quartic coupling, v ~ 246.2 GeV is the vacuum expectation value of the 
Higgs doublet H — ^= and mp = 2.43 x 10 18 GeV is the reduced Planck mass. In the 

Einstein frame with a canonical gravity sector, the kinetic energy of the scalar field can be 
made canonical with respect to a new field a [5], 



ml 



1 + 



t<t> 2 



S(0 = 



V#y i + (6£ + i)ff 

The action in the Einstein frame is then given by 
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For the inflationary slow-roll parameters we have 

1 



<4>) 



—m 



m. 



2 I V E \ 2 ( do x 1 



V, 



(do 



Vk 



KfdaX 
Ve \d<j>) 



d 2 a 



(2) 



(3) 



(4) 



(5) 
(6) 



where a prime denotes a derivative with respect to <fi. The number of e-folds after the comoving 
scale / has crossed the horizon is given by 
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where <\>\ is the field value at the comoving scale I, and e denotes the value of at the end of 
inflation, defined by e(0 e ) = 1. The amplitude of the curvature perturbation A^ is given by 
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R " 247r 2 mf,e 
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where A n = 4.91 x KT 5 at k = 0.002 Mpc" 1 according to WMAP In our calculations we 
will set No = 60, corresponding to k = 0.002 Mpc -1 . 

In the slow-roll approximation (i.e. e, \rj\ <C 1 ), the spectral index n s and tensor to scalar 
ratio r are given to a good approximation by the expressions 

n s = l-6e + 2ry, (9) 
r = 16 e. (10) 

In the inflationary regime (0 2 ^> v 2 ) the potential reduces to V((f) ~ -|0 4 . In our analysis, 
following [5J, we use the renormalization group (RG) improved effective potential 



V{4>) = ^A(t)G(t)V 4 , (11) 

where t = \n(4>/M t ), and the renormalization point is taken to be the top quark pole mass M t . 
Also, G(t) = exp(- / ^7(^/(1 +T(*0)) 5 with 7 (t) beine; the anomalous dimension of the 
Higgs doublet given in Appendix A of Ref. [5j. The corresponding potential in the Einstein 
frame then reads 

*W) = 7 TTT7 = y o M± ^2 - (12) 

| gg/ j (1 + GV) 

Here ■?/> = <f>/mp is a dimensionless field variable which is convenient to use during inflation 
[5]. In particular, for ip ^> 1, the above potential reduces to an almost constant value Vq ~ ^f-, 
which provides the basis for slow-roll inflation [Hj. Following [5], we ignore quantum corrections 
to the classical kinetic and gravity sectors in our calculations, and assign one factor of s(4>), 
defined in Eq. (J2J), for every off-shell Higgs running in a loop. We also ignore the running of £ 

Using eqs. ([2]), (jSJ), ([6]), and (fT2|) . the slow-roll parameters in the large £ limit are given by 

-~ 4 , a 44(W)4f^. d3) 
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We note that the running of A and G modifies the classical results as emphasized in Refs. 
[21 IH [S]- From e(0 e ) = 1 we obtain the value of -0 at the end of inflation, ip e ~ (4/3) 1 / 4 . The 
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Figure 1: d^(XG 4 )/ XG 4 vs. t, with t varying between the pivot-scale t = log[J^] and the end 
of inflation scale t = log[|j-]. 



number of e-foldings is approximated as Nq ~ '. Using eq. 
contribution to the curvature perturbation amplitude An, 
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The spectral index is given by 
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From this approximate expression one obtains a qualitative understanding of how the running 
of A and G increases or decreases the classical prediction of the spectral index n s ~ 1 — 
The top quark Yukawa coupling y t plays an important role in the evolution of both A and G, 
which in turn determine, in particular, the behavior of the scalar spectral index n s . 

To appreciate the impact of a varying top mass M t on the n s vs. curves, consider the 
relevant leading order terms in the RGE of A given by dX/dt ~ ^ 4 ^ 2 (24 s 2 A 2 — Qyf). The 
second term containing the top Yukawa coupling y t appears with a negative sign, and so it tries 
to drive A down, whereas the first term with positive sign competes with it and drives A up. 
Since y t increases with the top mass M t , the A evolution curve gets steeper as we increase M t . 
Hence, with larger values of M t , the spectrum tends to become more red-tilted. Moreover, G(t) 
adds a positive contribution to the spectral index which decreases with increasing M t . The 
effect of combined running A and G(t) is displayed in Fig. [TJ In our analysis we employ the 
RGEs for the SM couplings at two-loop level given in Ref. [5]. 

The spectral index as a function of the Higgs boson pole mass [15] is depicted in Fig. [2] 
for three different values of the top quark pole mass: M t = 171.8, 173.1 (the central value of 
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Figure 2: n s vs. mn- The horizontal line is the classical tree level result which is independent 
of Higgs mass. All other curves include quantum corrections, following Ref. [5], with different 
values of M t . 

the most recent world average M t = 173.1 ± 0.6(stat.) ± l.l(syst.) [16]) and 174.4 GeV. As 
previously noted, the spectral index is quite sensitive to the input value of the top quark pole 
mass. The constraint on the spectral index with small r values, 0.94 < n s < 0.98 (at l-a level), 
given by the combined WMAP plus baryon-acoustic-oscillation and supernovae data [6], implies 
a lower bound on the Higgs boson mass, which increases as the top quark pole mass is raised 
as shown in Fig. [2j We note here that for a sufficiently heavy top mass (M t > 174 GeV), the 
spectral index acquires values that are smaller than its classical value of 0.968. Along with the 
spectral index and the Higgs boson mass, a precise measurement of the top quark pole mass 
will be necessary in order to verify the running SM inflation scenario. In the next section we 
show how seesaw physics can significantly modify some of these conclusions. 



Running SM inflation with Type I Seesaw 

Type I seesaw is one of the simplest mechanisms for explaining the tiny neutrino masses de- 
termined by the solar and atmospheric neutrino oscillation experiments [Sj. This is done by 
introducing two or three right handed neutrinos with masses at the intermediate scale, and by 
including Dirac Yukawa couplings with left-handed lepton doublets. In the SM supplemented 
by type I seesaw, at sufficiently high energy scales, the right handed neutrinos are involved in 
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RGEs and therefore modify the running of the SM couplings. We next investigate the effect 
of type I seesaw on predictions of running SM inflation. Note that for seesaw physics to be 
relevant the right handed neutrino masses should be smaller than the energy scale of inflation. 



Type I Seesaw with One Right Handed Neutrinos 

In general, there are several free parameters in type I seesaw associated with the neutrino Dirac 
Yukawa couplings and right handed neutrino masses, and so it can become quite complicated 
to analyze the most general case. In order to understand qualitatively the effect on the running 
SM inflation, we first consider a simplified model with only one right handed neutrino and a 
single Dirac Yukawa coupling. Through the type I seesaw mechanism, the light neutrino mass 
is given by 

V 2 2 

m v = ti~Viji (16) 

where Mr is the Majorana mass of the right-handed neutrino, and y v is the Dirac Yukawa 
coupling. For \i > M R , the RGEs of the SM couplings are modified due to quantum corrections 
arising from the right-handed neutrino. For simplicity, we consider only one-loop corrections 
from this new sector. In this case, the RGEs presented in Appendix of Ref. [5] are modified as 
follows: 

flyt ~ > Pyt + (4^2 

Px - Px + j±y 2 [~2yt + iylX] , 

7 ^ 7+ (4^' (17) 
In addition to this modification, we have the RGE for the Dirac Yukawa coupling, 



16n -dT = y " 



3sy 2 + hy 2 v - (\ 2 + ^g' 2 



Using these modified RGEs, we analyze running inflation with type I seesaw. For simplicity, 
we fix the right handed neutrino mass as Mr = 10 13 GeV and show the resultant spectral index 
for various values of y v . The limit y v — > reproduces the previous results without type I 
seesaw. Fig. [3] shows the spectral index as a function of Higgs boson mass for various y v 
values, with Mr = 10 13 GeV. As expected from the modified RGEs, the effect of type I seesaw 
is qualitatively analogous to raising the input value of the top quark pole mass in the SM 
analysis. For y v larger than a critical value y™' ~ 0.2, the spectral index is found to be smaller 
than the classical prediction. 
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Figure 3: n s vs. irth in the simplified model (with one right handed neutrino) of type I seesaw 
for various values of neutrino Dirac coupling y u , with Mr = 10 13 GeV and M t = 173.1 GeV. 



Type I Seesaw with Three Right Handed Neutrinos 



It is certainly interesting to consider more realistic cases so as to reproduce the current neutrino 
oscillation data. We introduce three generation of right-handed neutrinos and assume a common 
mass Mr for them, so that the light neutrino mass matrix is given by Mj, = — j^Y^Y u , where 
Y u is 3x3 Dirac Yukawa coupling matrix. This light neutrino mass matrix is diagonalized by 
a mixing matrix Umns such that 



M„ 



UmnsD u U mns 



(19) 



with D v = diag(mi, m^, m^), where we have assumed, for simplicity, that the Dirac Yukawa 
matrix Y v is real. We further assume the mixing matrix of the so-called tri-bimaximal form 
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which is in very good agreement with the current best fit values of the neutrino oscillation data 
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Let us consider two typical cases for the light neutrino mass spectrum, the hierarchical case 



and the inverted-hierarchical case. In the hierarchical case, we have 



D v ~ diag(0, ^Am 2 2 , X /Am 2 23 ), (21) 
while for the inverted-hierarchical case we choose 



D v ~ diag(-\/-Am 2 2 + Am| 3 , ^/Am| 3 , 0) (22) 
with the neutrino oscillation data [8]: 

Am] 2 = 7.59 x KT 5 eV 2 , Am 2 23 = 2.43 x KT 3 eV 2 . (23) 
From Eqs. ffT9~]) - fl23"]) . we can obtain the matrix 

S v = Y^Yj, = Y^Y U = —UmnsD u UJ ins , (24) 

ir 

as a function of only Mr for the hierarchical and the inverted-hierarchical cases, respectively. 
For a fixed value of Mr, we obtain a concrete 3x3 matrix at the Mr scale, which is used as an 
input in the RGE analysis. 

In this more realistic case the modification of RGEs are given by 

A/* ^ Pyt + J^y stT [ S "l > 

P\ -> /9a + T^p [~ 2tr [S, 2 ] + 4tr [S„] A] 

7 - 7 + j^y 2 tr [S J . (25) 
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Figure 5: r vs. n s . The black circle corresponds to the classical tree level result. All other 
curves include quantum corrections, following Ref. [5], with different values of M t . 



In addition, we have the RGE for the Dirac Yukawa coupling matrix, 



16tt z 



dS u 
dlnfi 
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6syf + 2s tr [S„] - ( -gf + -g\ ) + 3s S„ 



(26) 



The numerical results are shown in Fig. H] for both hierarchical and inverted-hierarchical 
neutrino mass spectra. In both cases, we have obtained qualitatively the same results. Since 
the seesaw formula requires larger Dirac Yukawa couplings if Mr is raised to reproduce the 
same light neutrino mass spectrum, the results in the realistic cases are qualitatively consistent 
with those in the simplified model. The current data of the spectral index sets a lower bound 
on the Higgs boson mass as a function of the seesaw scale. The bound becomes larger according 
to the seesaw scale. For a seesaw scale M R > 10 13 GeV, the scalar spectral index lies below the 
classical value which is certainly very interesting! 



Tensor to Scalar Ratio r 

With an energy scale during inflation of order rrip/y/^, the tensor to scalar ratio r ~ 16 e 
turns out to be of order few times 1CT 3 , which is about an order of magnitude or so below 
the detection capability of PLANCK. We show plots of n s versus r in Fig. [5] (without seesaw) 
and Fig. [6] (including hierarchical seesaw). Detection of r at a few percent level can rule out 
running SM inflation. 
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Figure 6: r vs. n s for hierarchical neutrino mass spectrum for various values of Mr and 
M t = 173.1 GeV. The black circle corresponds to the classical tree level result. 

Conclusions 

Running inflation with a strong non-minimal coupling between the SM Higgs doublet and the 
Ricci scalar offers an economical scenario of primordial inflation, with the SM Higgs playing 
the role of the inflaton. With an appropriate choice of the non-minimal coupling, this scenario 
predicts a scalar spectral index which is consistent with the current data. Very interestingly, 
there is correlation between the spectral index and the Higgs boson mass, so that this scenario 
is testable in the near future through synergy between PLANCK and LHC . 

Motivated by the neutrino oscillation data, we have investigated the consequences of type 
I seesaw physics for running SM inflation. We find that the effect of type I seesaw physics at 
intermediate scales is qualitatively similar to what would happen if the top Yukawa coupling is 
increased. The current determination by WMAP of the scalar spectral index provides a lower 
bound on the Higgs boson mass as a function of the neutrino Dirac Yukawa coupling or the right 
handed neutrino mass. The Higgs mass bound becomes larger as the neutrino Dirac Yukawa 
coupling or the right handed neutrino mass increases. Therefore, a precision measurement of 
the spectral index and the Higgs boson mass can reveal not only the existence of running SM 
inflation but also may have important implications for the seesaw mechanism. Although our 
main subject is on the running SM inflation in the presence of type I seesaw, it should be noted 
that the spectral index is found to be drastically changed if we input a sufficiently high top 
quark pole mass within the error of the current measured value. Thus, a precise measurement 
of the top quark pole mass also has an impact on testing the running SM inflation scenario. 
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